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1 . I r l ' iRODUCTION 
Although MX-2600 s i i i c a  f a b r i c  phenol ic  laminate has proved t o  be h i g h l y  
successful as LMDE chamber ma;.erial, t h r o a t  e ros ion  daes occur du r i ng  nornial 
engine duty-cyc le  f i r i n g .  Throat e ros ion  produces a drop i n  chamber pressure 
which a f f e c t s  engine performance. For t h i s  reason, the search f o r  and the 
development o f  a b e t t e r  chamber t h r o a t  ma te r i a l  has been the ob jec t  of t h i s  
and other  s  t 6 d i  es . 
A number of l abo ra to r y  t e s t  methods have been used f o r  the  :;I a l u a t i o n  
of chamber t h r o a t  mate r ia l s ,  bu t  none c3n s imulate  ex3c t l y  the cor ld i t ions 
o f  the  engine environn~ents.  The ac tua l  environment cons is ts  o f  a t  l e a s t  
f o u r  major components which combine, a f f e c t i n g  ma te r i a l s  behavior:  thermal, 
r e a c t i v e  gas, v e l o c i t y ,  and pressure. I n  t h i s  invt?st i :qat io i i ,  th2 methane- 
oxygen-ni tri c ox ide mix tu re  was used t o  approximate the thermal and r e a c t i v e  
gas environment, bu t  no t  t he  pressure and v e l o c i t y  e f f e z t s .  The -purpose o f  
t h i s  study was t o  eva luate and compare a l a r g e  number o f  candiddre t h r a a t  
ma te r i a l s  f o r  t h e i r  thermo-chemical behavior under LMDE gas ervirol;,i:ents. . 
Post t o r ch  t e s t  ana lys is  c r i t e r i a  inc luded v i s u a l  examination, weig$t  change 
and dimensional change (e ros ion) .  Th is  r e p o r t  descr ibes and discusses the  
procedures, r e s u l t s  , and concl  usioris of the t z r c h  tes ts .  
2. EXPERIMENTAL PROCEDURES 
2.1 TEST EQUIPMENT 
The t o r ch  t e s t i n g  f a c i l i t y  i s  p i c t u r e d  i n  F igure 1. The containment 
vessel i s  a  s t a fn l ess  s t e e l  tank 4-feet diameter x 7 - f ee t  hiqh. The tank i s  
d i v i ded  a t  the  center  and f langed w i t h  an O-r ing seal f o r  vacuum-tight o p t r -  
a t i on .  'The upper chamber h a l f  i s  prov ided w i t h  t h ree  view p o r t s  f o r  moni- 
t o r i n g  f lame i n t e r a c t i o n  experimerlts. Prov is ions a re  made t o  heat each view 
p~rt t o  prevent fogging. The lower c h a ~ ~ t e r  1:alf i s   quipped w i t h  two access 
p o r t s  through which metered gas f lows & r e  f e d  t o  t he  t o r ch  assembly and a l l  
e l e c t r i c a l  and ins t rumenta t ion  connections are made. The vacuum chamber i s  
. , 
connected through a f i l t r a t i o n  system t o  a  l a r g e  roughing pump which exhausts 
through the  roof t o  the  atmosphere. 
An A-frame and chaim h o i s t  are  pyovided t o  f d c i l i t a t e  removal o f  t he  , 
upper chamber h a l f  which can be moved l a t e r a l l y  t c  c l e a r  i t s  lower sect ion.  2 
I 
A1 1 t o r c h  and sample hand1 i n g  con t ro l s  and instrur11en,~t ion are bu i  1  t i n t o  
t he  lower h a l f  o f  : J 1 !  vacucm charnber. T?st specir~lens t o  be exposed t o  the  
flame environment i r e  supported on a c i r c u l a r  p la t fo rm.  Th is  p l a t e  can be 
pos i t i oned  up o r  down t o  ad jus t  torch-to-sample spacing. The p l a t e  p i v o t s  
about the r e a r  support  t o  move experiments i n t o  and out  o f  the es t?b l i shed  
flame environment by means o f  an e x t e r n a l l y  operated reach rod. 
A schematic o f  the  t e s t  apparatus i s  shown i n  Figure 2, and a c lose-up 
view o f  the  t o r c h  t e s t  i n  progress i s  shown i n  F igure 3. The oxygen and 
n i t r i c  ox ide gases a re  premixed p r i o r  t o  e n t r y  t o  the t o r ch  t i p  man i fo ld  
where the  ox i d i ze r s  a re  mixed w i t h  methane before burning. The .flow r a t e s  
o f  the  gases t o  the  t o r c h  are metered w i t h  accura te ly  c a l i b r a t e d  f low-meters. 
A two-co lor  pyrometpr i s  pos i t i oned  ou ts ide  o f  the chamber t o  mon i to r  the  
sur face temperature o f  the t e s t  specimen dur ing  t e s t i n g .  
2.2 TEST PROCEDURE 
Test cond i t i ons  were es tab l  ished t o  maximize the thermal e n v i r o n ~ a n t s  
p and t o  approximate an oxygen-r ich LMDE chamber gas composit ion. A computer 
. program based on thermodynamic data o f  CH4-02-NO was used t o  gu ide t he  
s e l e c t i o n  o f  t he  des i red  gas mix tu re .  A f t e r  exper imcnt ing w i t h  2 number' o f  
fue l /ox !d izer  r a t i o s  us ing MX-2600 specimens and cornparing w i t h  t h e  computer 
program ou tpu t  on equi 1  i brium chemical species rroduced from these mix tu res ,  
a  con~pos i t i on  o f  40 CH4-50 02-10 NO by volume was se lected as the  bes t  com- 
promise o f  the  f lame temperature and combustion products.  Th is  f lame was 
used i n  a l l  t o r ch  t e s t i n g  i n  t h i s  program unless otherwise spec i f i ed .  A 
comparison o f  equi 1  i brium t o r c h  temperature and chemical species w i t h  LMGC 
chamber gas composi t ion and temperature f o r  a  number o f  m i x tu re  r a t i o s  i s  
shown i n  Table 1. 
The heat f l u x  was determined w i t h  a  copper ca lo r imete r  having t he  same 
con f i gu ra t i on  as t he  t e s t  specimen, F igure 4. The heat f l u x  r a d i a l l y  
' through t he  w a l l  o f  the specimen was fou;?d t o  be 120 Btu lsq.  f t . /sec.  and was 
checked p e r i o d i c a l l y  t o  assure mi fo rmi  ty o f  t e s t  cond i t i on  from specimen 
., 
t o  specimen. 
Having standardized the  gas m i x t i ~ r e  and heat f l u x ,  t he  nex t  s tep  was t o  
determine the most appropr ia te  t e s t  du ra t i on  f o r  comparing t he  va r ious .  mater - 
1. 
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f o r  t e s t  durat ions of 150 seconds, 300 secnnds, 600 second;, 1200 seconds 
and 1800 seconds. Results o f  wc :h t  losses and d ias iet t ica l  cha~ges are 
tabulated i n  Table 2 and p l o t t e d  i n  Figure 5. 
TABLE 2 
WEIGHT LOSS AND PERCENT EROSION OF 
MX-2600 FF9M TORCH TESTING 
On the basis o f  the MX-2600 t e s t  resu l ts ,  300-second and 600-second ' 
t e s t  durations were selected as reference points  for*  evaluat ion an+ corn- 
parison o f  candidate t h r ~ a t  mater ia ls .  Therefore, a1 1 t e s t i n g  was per fcmed 
using the two time durat ions i n  t h i s  i nves t i ga t i on  unless otherwise speci- 






f i ed .  Test specirieq p r q a r a t i o n  and manufacturing methods f o r  these mater- 
i a l s  are described 1 3  d e t a i l  i n  the Appendir. I n  the main tex; o f  t h i s  
report ,  the commercial names o r  b r i e f  descr ipt ions o f  the mate ria;^ are . 
used ra ther  than the p a r t  numbers shown i n  the Appendix. 
The weight and dimensions o f  each specimen were measured before and 
a f t e r  t o x h  test ing.  I n  the beginiiing of the run, the heat f l u x  xas m a -  
sured ahd tk  flame and/or specimen pos i t ions  were adjusted t o  assure a l i gn -  
ment and concent r ic i ty  o f  the  flame w i t h  the cei i ter 1 ine  o f  the t e s t  speci- 
5 
men. A f te r  evacuating the chamber and w i th  the t e s t  specimen i n  place OF 
the platform, but  out o f  the t e s t  pos i t ion ,  the flame was l i t  using the 
dcsired gas mixture. The specinen was then swung i n t o  the  t e s t  p o s i t i o n  as 
. , 
t i n i i  ng started. Temperature readings were taken a t  30-second i n t e r v a l s  by 
focusing the pyrometer on the inride diameter surface a t  about 1/15-inch i. 
- * 
below the t o r  edge o f  the hole. A t  the conclusion o f  the t e s t  durat ion, .re 
gas f low was immediately r h u t  o f f  and the specimrr, was 'allowed t o  cool . 
natural  l y  whi l2 the chamber was s t i  11 being evaculted. I 











Post-test analyses included v isual  examination, weight loss de~ermin-  
a t ion ,  and erosion :r dimensional changes. Meta: lographic and X-ray d i f -  
f r a c t i o n  analyses nere performed on c e r t a i n  specimens as required. 
3. EXPERIMENTAL RESULTS 
Post-torch t e s t  analyses i nc;dded v isua l  examination, metal lographic 
examination, weight changes, and dimensional changes (erosion).  Photo- 
graphs o f  to rch  tested specimens are shown by groups and i n d i v i d u a l l y  i n  
Figures 6 through 31. Table 3 summarizes the complete t e s t  data showing 
the equ i l ib r ium surface temperzturs, t e s t  durat ion, weight loss and per- 
cent erosion. Results are discussed i n  the fo l low ing sect-ions. 
3.1 VISUAL EXAMINATION 
Figures 6 through 9 show appearance o f  to rch  tested specimens and 
t h e i r  i d e n t i f i c a t i o n s  by groups. Group 1, shown i n  Figure 6, i s  the "hard 
i h roa t "  mater ia ls  which snow t y p i c a l l y  very 1 i t t l e  dimensional change. 
Figures 10 through 14 are close-up photographs o f  t y p i c a l  specimens. The 
l a rge  erosion which occurred i n  the Sic-coated Carbone 2239 graphi te specimen 
a f t e r  30 minutes o f  t e s t i n g  was a t t r i b u t e d  t o  protable misalignment o f  the 
flame o r  l oca l i zed  imperfect ion i n  the  coating. The 300-second and 600- 
t second Sic coated graphi te specimens show no s i zn  o f  de ter io ra t ion .  There 
was a c rus t  formed on the surface o f  the  JTA specimen which consists 
probably o f  the Si02 and ZrU2 reac t ion  products. The white mater ia ls  t h a t  
formed around the porous tungsten L13 t rea ted  specimens are ox ida t ion  pro- 
- 
ducts o f  the i n f i l t r a n t .  The ZrB2 V and ZrB2 V I l I  specimens were d iscolored 
but  phys ica l l y  unaffectad. Botb z i r con ia  specimens show transverse cracks 
and delpmintit ion along the lami t la t i  on plane; otherwise, no v i s i b l e  erosion 
e f f e c t  was evident. 
Group 2 specinens i n  Figure 7 are the precharred o r  pyrolyzed laminate 
. . 
mater ia ls .  Figures 15 through 17 are close-up photographs of t y p i c a l  speci - 
. . 
mens i n  t h i s  group. Pyrolyzcd s i l i c a  phenol ic composites HR211 and HR212 
demonstrated considerably less  erosion e f f e c t  than the Carbitex mater ia ls .  
A1 1 Carbi tex 10C mater ia ls  showed d isappoint ing ly  low erosion resistance. 
The Carbitex specimens containing S i c  add i t i ve  appeared t o  erode less than 
specimens containing Z1.62, TiB2, W2B, o r  B4Si  addi t i  ves. The b e n e f i c i i l  
e f f ec t  o f  S i c  having higher ox ida t ica  resistance i s  evident. 












Carb i tex  100 ( S i c  mod.) 
Carb i tex  100 ( 2 1 % ~  mod.) 
Carbi tex  100 (TiB2 mod.) 
Carb i tex  100 (H2B mod.) 









TRW -2 Mold 
TRW-2 Mold 
Quar tz  Polyimide 
puar t z  Polyimide 
EC-260,Si l i c a  
(W nod.) 
EC-260 S i l i c a  
(U mod.) 
l rons ides  Resin w i t h  
Ast roquar tz  
l rons ide  ~ e s i n  w i t h  
Ast roquar tz  
C-100-48 R e f r a s i l  LOW Resin 
C-100-48 Ref ras i  1 Low Resin 
Avera"e Percent 





































































































































































TABLE 3 ,  TORCH TEST DATP (cont inued)  
Specimen I Specimen Surface I Time Temperature ("C) 1 (Seconds 
. C-100-49 R e f r a s i l  
High Resin 
C-100-48 R e f r z s i l  
High Resin 
C-  100-28 Refra5i l 
C-100-28 R e f r a s i l  
TRW-3 
TRW-3 
i a r b i t e x  100 (Sic  mod.) 
Carbitex 100 (ZrB2 vod. ) 
Carbitex 100 (W2B mod. 1 
Carbitex 100 (B4Si ',od.) 




TRW-2 Precharred and 
Reimpregneted 
Type C W- 3Re Reinforced 
Z i rcon ia  
Type A W-3Re Reinforced 
ZI r con i  a  Bonded Z i  r con i  a 
Z i  rconia Bonded Z i  rconia 
Carbone Graphite 
(S ic  coated) 
ZrB2 V 
ZrB2 VIII 
Porous Tungsten w i t h  
L13 Treatment 
Porous -Tungsten w i t h  
L13 Treatment 
JTA Graphite 
Crystar  (S ic  mod.) 
I Graphite Phenolic (ZrB2 mod.) 
S ic  Pmder 1200 Mesh 
Graphite F iber  Reinforced 1815 600 




El-os i on* 
3.8 
5.5 
TABLE 3. TrJtlCH TEST DATA (Cont inued) 
* 
Average percent  e ros ion  i s  obta ined by t a k i n g  the  average o f  the  absolute percent  d i a m e t r i c a l  
. changes throughout t h e  l e n g t h  o f  the  h o l e  i n  t h e  t e s t  specimen. Thus, average e r o s i t ~ n  = 
where xi i s  percent  e r o s i o n  a t  l o c a t i o n  i , and N i s  the  number o f  measurements. 
I 
** 
These specimens were t e s t e d  us ing a gas m i x t u r e  o f  50 CH4 t o  50 J2 by  volume. 








EC-260 Resin w i t h  
As t roquar tz  
EC-260 Resin wi t h  









































Tne t h i r d  group o f  specimens i s  t lre a b l a t i v e  r e s i n  ~ i l a t r i x  type shown 
i n  F igure 8. Figures 18 through 23 a re  photographs o f  t y p i c a l  specimens 
i n  t h i s  group. From v i s u a l  examination i t  appears t ha t ,  i n  general ,  spec i -  
mens c0nta.i n i ns  quar tz  f i b e r s  such as MXQ-190 and I rons ide /As t roquar tz  
e x h i b i t e d  b e t t e r  e ros i on - res i s t an t  p roper t ies .  MXQ-190, i n  p a r t i c u l a r ,  
'showed g rea te r  dimensional s t a b i l i t y  than MX-2600 i n  the  300-second t e s t ,  
a l though both formed v i t r eous  s i l i c a  from t o r c h  t e s t i n g .  The s i l i c a  coat  . 
on the MX-2600 has a g l a s s - l i  ke appearance, whereas the s i l i c a  f l o w  over 
the MXQ-190 looks 1 i ke wh i t e  enamel. A1 though both quartz/poly i r l i ide and 
quar tz / I rons ide  r e s i n  5471 appear t o  be promising, t he  former showed gross 
de laminat ion and t h e  l a t t e r  consideVable 1 ongi  t u d i  na l  shr inkage t h a t  would 
make them undes i rab le  as t h r o a t  m a t e r i a l .  V i sua l l y ,  none o f  the  Re f ras i l  
r e i n f o r ced  r e s i n  ma te r i a l s  i nd i ca ted  e ros ion  res i s t ance  equal t o  o r  b e t t e r  than 
MX-2600. S i  1 i ca/EC-260 w i t h .  tungsten powder a d d i t i v e  and graphi  te/phenol i c 
r e s i n  w i t h  1200-mesh S i c  powder performed very  poo r l y  in t o r ch  t e s t i n g .  
Graphi te/SC-1008 pheno l i c  r e s i n  con ta in ing  ZrB2 powder e x h i b i t e d  1 i ttl e 
erosion; b u t  numerous cracks throughout the s p x i m e n  make i t  a doub t f u l  
candidate ma te r i a l  . 
The f o u r t h  group o f  specimens, F igure 9, represents a number o f  TRW' 
formulat ions prepared on t he  bas is  o f  r e s u l t s  o f  cha r r i ng  r e a c t i o n  s tud ies  
which revealed t h a t  a h igher  ca rbon -s i l i ca  r a t i o  favors  t he  format ion o f  
s i l i c o n  carbide. I t  was p o s t u l a t ~ d  t h a t  bene f i c i a l  e f f e c t s  can be der i ved  
by t he  endothermic r eac t i on  o f  Si02 + 3C = S i c  + 2C0. Desc r i p t i on  o f  the  
TRW fo rmu la t ions  and f a b r i c a t i o n  methods a re  tabu la ted  i n  t he  Appendix. 
Several specimens were precharred, o r  precharred and reimpregnated w i t h  
r e s i n  p r i o r  t o  t o r c h  t es t i ng ,  t o  cortpa.re w i t h  as - fabr i ca ted  resin-base 
mate r ia l s .  Table 4 l i s t s  t h i s  se r ies  o f  t o r ch  tes ted  specimens a f t e r  
test- ing.  The resin-base ma te r i a l s  i n  t he  as - fabr i ca ted  ccndi  t i o n  appear t o  
be no t  much b e t t e r  than MX-2600 w i t h  'respect t o  e ros ion  res is tance .  
A l l  specimens showed a tendency t o  delaminate, except TRW-5. Three 
formulat ions TRW-2, TRW-2A, and TRW-5 performed deci  dedly b e t t e r  than TRW-3 
and TRW-11, and as w e l l  as MX-2600. V isua l  examination o f  the precharred, 
o r  precharred and reimpregnated specimens c i f te r  t o r ch  t e s t  i n d i c a t e d  an -. 
improvement i n  performance over the corresponding as - fabr i ca ted  resin-base 




























































































































































































































































































































































































































































































3.2 WEIGHT LOSS AND DIMENSIOI4AL CHANGES ( E R O S I O N ;  
Weight l oss  ;~~,c i  dir~iensional  change measure~~ients were made on t c r ch -  
tes ted  specimens t o  p rov ide  a  more q u a n t i t a t i v e  conpar i  son o f  the  performance 
o f  var ious candidate mate r ia l s  a f t e r  sub jec t ion  t o  t o r ch  t e s t i n g .  Table 3 
summarizes the t e s t  r e s u l t s .  Column 1  i n  the  t ab le  presents names of b r i e f  
des ignat ions o f  the t e s t  specimens whose formul a t i  o w ,  p repara t ion  methods, o r  
supp l ie rs  a re  descr ibed i n  the Appendix. Calumn 2 l i s t s  the  steady s t a t e  
sur face temperature of t he  specimen du r i ng  t o r ch  t e s t i n g .  Column 3 i s  t he  
t e s t  du ra t i on  a t  the  steady s t a t e  t e n p e r ~ t u r e .  The weight l oss  i s  repor ted  
i n  grams and percent  o f  the  o r i g i n a l  weight.  The average percent  erosion, 
as de f ined  i n  the  foo tno te  o f  the tab le ,  i s  the mzan average o f  abso lu te  
percent d i ame t r i ca l  changes [ e i t h e r  increase o r  decrease) computed from the  
eros ion p r o f i l e s  o f  the  t e s t  specimens. I n  o the r  words, the increase i n  
diameter due t o  eros ion and the decrease i n  diameter due t o  s i l i c a  f l o w  as 
i n  the case o f  MX-2600 are both regarded as "eros ion"  i n  t h i s  r epo r t .  
Figures 32 through 81 a re  p l o t s  'of  the  e ros ion  p r o f i l e s ;  i .e. , percent  ero- 
s i c n  versus l o c a t i o n  o f  measurements a long t h e  l eng th  o f  t h e  specimen. 
MX-2600 data a re  p l o t t e d  i n  dash l i n e s  i n  some graphs f o r  comparison. Data 
of some ma te r i a l s  are e i t h e r  no t  a v a i l a b l e  o r  a re  n o t  appropr ia te  f o r  p l o t t i n g  
due t o  nonstandard specimens o r  t e s t  cond i t i ons  employed. 
F igures 82 through 85 a re  bar  graphs showing percent  weight l oss  and 
percent e ros ion  f o r  each ma te r i a l  i n  t he  o rde r  o f  i nc reas ing  weight l oss  o r  
decr.easi ng e ros ion  res is tance.  A l  though some c o r r e l a t i o n  e x i s t s  between 
weight loss and e ros ion  f o r  some mate r ia l s ,  i t  i s  d i f f i c u l t  t o  c o r r e l a t e  
weight ' l oss  and e ros ion  res is tance  performance of a b l a t i v e  ma te r i a l s  because 
of t h e i r  v a r i a t i o n s  i n  r e s i n  content.  
Resul ts  o f  weight l o s s  and percent  e ros ion  are i n  general agreement 
w i t h  those o f  v i sua l  examination discussed e a r l i e r .  As expected, hard t h r o a t  
ma te r i a l s  such as t h e  z i r ccn ium d ibor ides,  ZrB2 V and ZrB2 VIII, JTA g raph i t e  
z i r con ia ,  and S i c  e x h i b i t e d  n e i t h e r  weight change nor  erosion. Pyrocarb 
751 and Sic-coated Carbone 2239 g raph i t e  a l so  demonstrated e x c e l l e n t  
e ros lon  res'stance. A? 1 others are a b l a t i v e  mate r ia l s  showing var ious 
magnitudes o f  weight  loss  and e ros ion  r e s u l t i n g  from to r ch  flame t es t i ng .  
On the basis o f  the 3N-second t e s t  r e s u l t s ,  Table 3 and F igure 84, 
snveral  res i n-base ab la t i ves  shc,.~ed b e t t e r  eros ion res is tance  than MX-2600. 
These a re  TRW-2 rnol ded (1  .9% eros ion) ,  TRW-2A (2 .OX), MXQ-190 (2.2%), 
TRW-5 (2.2%), and TRW-3 (2.3%).  However, s i m i l a r  r e s u l t s  were no t  repro-  
duced i n  the 600-second t es t s .  Except f o r  TRW-2A which showed about equal 
performance t o  MX-2600, a1 1 others eroded inore than the l a t t e r  i n  the 600- 
second t e s t .  
The Carb i tex  100 ma te r i a l s  showed a 13.8 t o  31.4% and 34.0 t o  74.9% 
eros ion f o r  300-second and 600-second t e s t s  r espec t i ve l y  , an order  o f  
magnitude h igher  than the res in -base-mate r ia l s .  Therefore, Carb i tex  
mate r ia l  s  a re  considered very  poor candidate t n r o a t  mate r ia l s .  
Incons is tency was found i n  several  sets of t e s t  data. Ast roquar tz /  
I rons i  :e and C-100-48 r e f r a s i  l./ low r e s i n  data showed a lower percent eros ion 
f o r  the 600-second t e s t  a l though the  weight losses were cons is ten t  w i t h  the  
t e s t  du ra t ion .  There i s  no good 'exp lanat ion f o r  t h i s  discrepancy except 
poss ib ly  t h a t  d iamet r i ca l  measurements were inaccura te  due t o  l o n g i t u d i n a l  
dimensional change (shr inkage was observed i n  quar tz / I rons ide  r e s i n  speci - 
mens) . 
If one assumes a dev ia t i on  of + 1.0 i n  t he  accuracy o f  percent  e ros ion  
measurements and compares the  averages of the 300-second and 600-second t e s t  
r e s u l t s  , one would consider TRW-A quar tz / I rons i d e  r es i n ,  MX-2600 and MXQ-190 
about equa l l y  good r e s i n  base LMDE t h r o a t  candidate ma te r i a l s  (see Table 3  
and Figures 84 and 85). 
. 
s tud ies  were made t o  improve the e ros ion  res is tance  o f  the resin-base 
ma te r i a l s  by precharr ing and p rechar r ing  fo l lowed by reimpregnat ion p r i o r  t o  
t o r ch  t es t i ng .  Resul ts o f  v i sua l  examination have a l ready been discussed 
( r e f e r  t o  Table 4  f o r  d e s c r i p t i o n  and treatment o f  these specimens). 
Table 5 shows the sequent ia l  weight changes o f  these specimens r e s u l t -  
i n g  from charr ing,  r e s i n  impregnation, and t o r ch  t e s t i n g .  The weight l oss  
a f t e r  char r ing  ranges between 13.1 t o  15.6% which i s  equiva lent  t o  a  char 
y i e l d  o f  55% t o  50%, t y p i c a l  o f  phenol ic  r e s i n  ma te r i a l s .  Vacuum reimpreg- 


































































































































































































































































































































































































































































































































































































































































probably due t o  va r i a t i ons  i n  p o r o s i t y  l e v e l  i n  the as-charred ma te r i a l s .  
Torch - - s t  r esu l t c  i nd i ca ted  t l l d t  weight  loss was cons iderab ly  l ess  i n  the 
precharred and pr . ;barred-r'esi n impregnated specilncns . The weight loss  f o r  
a l l  TRW specimens i n  the laminated cond i t i on ,  i n c l ud ing  MX-2600, i s  about 
equal. There appears t o  be an irnprovzment i n  eros ion r e s i s t a r ~ c e  from pre- 
char r ing  and r e s i n  re inpregna t ing  as i n  the case o f  TRW-2 and TRW-5. The 
percent  e ros ion  o f  TRW-2 was reduced t o  5.7% f r a n  9.1% i n  the as- laminated 
cond i t i on  a f t e r  the p rechar r ing  t reatment.  For TRW-5, the eros ion reduc t ion  
was from 9.2% t o  7.5%. However, TRW-2A e x r ~ i b i t e d  l i t t l e  improvernprlt. 
A l l  t o r ch  t e s t i n g  had been cor 'uc ted w i t h  an o x i d i z e r - r i c h  flame sirnu- 
l a t i n g  t h e  most severe LMDE chamber environment. An apparent anomaly was 
the f a c t  t h a t  the re  was no t race  o f  s i l i c o n  carb ide i n  any o f  the specimens 
exposed t o  the torch,  even those formulat ions t h a t  d i d  fvrm s i l i c o n  carb ide 
i n  labora to ry  experiments. I n  add i t i on ,  s i l i c o n  carb ide was a l s o  found i n  
the  sur face char o f  LMDE chamber l i n e r s  t h a t  had been exposed t o  a  duty- 
cyc l e  f i r i n g .  I t  was postu la ted,  therefore,  t h a t  a t  f u l l  t h r u s t  operat ion,  
the  boundary l a y e r  of the  LMDE chamber was f u e l - r i c h  and t h a t  f a c t  promoted 
t he  i n  s i t u  r e a c t i o n  between csrbon and s i l i c a  t o  fbrm s i l i c o n  carb ide.  
Therefore, two of t h e  most promising mate r ia l s ,  TRW-2A and TRW-5 (see Tables 
3 and 5),  were re tes ted ,  along w i t h  the base l ine  MX-2600 ma te r i a l ,  w i t h  a  
f u e l - r i c h  flame. 
The e f f e c t  of gas atmosphere on weight  loss  and e rus i cn  frm t o r c h  
t e s t i n g  appedrs t o  be s i g n i f i c a n t  f o r  c e r t a i n  composite formulat ions.  A 
lower  weight loss  was obta ined i n  TRW-2A and TRW-5, b u t  n o t  i n  MX-2600 when 
a f u e l - r i c h  m i x tu re  : used. However, lower e ros ion  r a t e  was a l s o  ev iden t  
by comparing the dimensional changes i n  a1 1  specimens except TRW-2A tes ted  
a t  f u e l - r i c h  gas mix tures.  
X-ray d i f f r a c t i o n  analyses were performed on severa l  specimens a f t e r  
to rch  t e s t i n g  t o  determine i f  s i l i c o n  c a r t i d e  had formed. The fo l low ing  
a re  r e s u l t s  o f  these analyses: 
Specimen Test  Condi ti on S i  1  i c o n  Carbide Detec t ion  
MX-2600 LMDE Throat  (du ty  cyc le )  Yes 
MX-2600 Torch Test (40 CH4 - 50 02 - 10 NO) N o  , 
MX-2600 Torch Test  (50 CH4 - 50 02) Yes 
t 
TRW--2A Torch Test (50 CHI, - 50 02) Yes 
I t  i s  i n t e r e s t i n g  t o  note t h a t  a l ess  o x i d i z i n g  atrriosp,iere i s  ravorab le  
f o r  the  f o n ~ i a t i o n  o f  s i . l i cov carb ide which f o r m ~ d  p r e f e r e n t i a l l y  on the 
sur face i n  con tac t  w i t h  the flame. 
4. CONCLUSIONS AND PECOMMENDATIONS 
On the  bas is  o f  e ros ion  o r  dirl iensional change m3asurements o f  t o r c h  
t e s t z d  spec ime~s ,  i t  i s  concluded t h a t ' o n l y  hard t h r o a t  m a t e r i a l s  such as 
JTA, S ic ,  W-reinforced z i r c o n i  a, z i  r con ia ,  and coated carbonlgraphi  t e  roatf- 
r i a l s  such as Sic-coated Carbone graphi  t~ and Pyrocarb 751 can w i  t l ~ s t a n d  
the  s imu la ted  LMDE t h r o a t  environmer,ts w i t h  1  i t t l e  o r  no e rcs ion .  However, 
poor thermal shock r e ~ i s t a n c e  i n  soma o f  thesc m a t e r i a l s  and i n s u f f i c i e n t  
development i n  o thers  may prec lude the  s e l e c t i o n  o f  these m z t e r i a l s  f o r  f u l i -  
sca le  eva lua t ion .  
O f  t h e  a b l a t i v e  type o f  res in-base m a t e r i a l s ,  TRW-2A, quar tz / I rSons ide 
r e s i n ,  MXQ-190, and MX-2600 showed about equal e r c s i o n  res is tance  i n  t o r c h  
t e s t s .  On the  bas is  o f  300-second t e s t i n g ,  severa l  f o m u l a t i ~ n s  such as 
TKW-2A and MXQ-190 appear t o  have an edge aver  PX-2600. F u l l - s c a l e  engine 
t c s t s  are recommended t o  v e r i f y  these conclusians.  
Some i n d i c a t i o n s  were shown i n  t e s t  r e s u l t s  t h a t  p rechar r ing  o r  pre-  
c h a r r i n g  fo l l owed  by r e s i n  re impregnat ion i s  e f f e c t i v e  i n  imp:-oving t h e  
e ros ion  performance o f  t h e  precursor  r e s i  n-base rr;t.i- 1 Encouraging 
r e s u l t s  shown by precharred TRW-2 and TRW-5 form?riu?ib. ls warrant  v e r f T i c a t i o n  
by engine t e s t i n g .  
Figure 1. Torch Test Fac i l i ty  



































































(137 1.50 DIA 
PLY ORIENTATION / 
FOR LAMINATED SPECIMENS 
Figure 4. Torch Test Specimen Conf igurat ion 






Figure 10. Figure 1 1 .  ZrBp VIII (Manlabs) 1500 
Second Test  (2X) 
Figure 12. Zirconia Bonded Zircdnla . 
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Figure 34. Erosion P r o f i l e  o f  MXQ-190 
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(TiBZ) 300 Second Test 
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Figure 55. Erosion P r o f i l e  o f  Figure 56. Erosion P r o f i l e  o f  
C-100-48 Refrasi l /Poly-  C-100-48 Refrasi  l /Poly-  
imide (low res in )  300 imide (low r e s i n )  500 
Second Test  . Second Test  I 
- ? > I 1  I I I I I I I 
1/16 1/E 1/8 4/8 6/8 8.5 1 0 4  l l ~  1 2 h  
LOCATION OF MtASURfMtNTS 
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i t
e 
Ca
rb
i te
x 
10
0 
w
it
h 
3-
11
2%
 w
/o
 
tu
ng
st
en
 
di
bo
ri
 de
 
Ca
rb
i te
x 
10
0 
w
it
h 
3-
1/
22
 w
/o
 b
or
on
 
s
i)i
cf
dt
 (
B4
5t)
 
Zi
rc
on
iu
n 
di
bo
ri
de
 
m
d
 gr
ap
hi
te
 r
e
ln
- 
fo
rc
ed
 m
o
ld
ed
 
ph
en
ol
 i c
 
Fa
br
ic
at
io
n 
Pr
oc
ed
ur
e 
-
-
 
-
-
-
-
 
--
--
- 
-
-
 
(1
) 
St
ar
tin
g 
m
a
te
ri
al
s 
a
re
 g
ra
ph
ite
 o
r 
ca
rb
on
 c
lo
th
 
an
d 
ph
en
ol
ic
 r
e
s
in
. 
(2
) 
La
m
ln
at
e 
an
d 
cu
re
 
a
pp
ro
xf
m
at
el
y 
32
0F
 a
nd
 5
00
 
ps
i. 
(3
) 
La
m
in
at
e 
s
u
bje
cte
d 
to
 p
ro
pr
ie
ta
cy
 p
os
t 
cu
re
 
tr
ea
tm
en
t. 
(4
) 
Ca
rb
on
ize
 a
t 
75
0 
to
 9
00
F 
fo
r 
6-
12
 d
ay
s 
u
n
de
r 
in
er
t 
at
m
os
ph
er
e 
-
 
(d
et
ai
ls 
pr
op
rf
et
ar
y)
. 
(5
) 
Py
ro
ly
ze
 a
t 
a
pp
ro
xi
m
at
el
y 
40
00
F 
u
n
de
r 
'
~
r
t
 
a
t-
 
m
os
ph
er
e 
2 
da
ys
 (
de
ta
i 1
s 
pr
op
ri
et
ar
y)
. 
(6
) 
ln
fi
l t
ra
te
 w
it
h 
py
ro
ly
tl
c 
ca
rb
on
 a
t 
16
00
 t
o 
25
00
F 
fo
r 
2-
10
 d
ay
s 
(d
et
ai
ls
 p
ro
or
ie
ta
ry
). 
(7
) 
In
fi
lt
ra
te
 w
it
hm
ol
te
n 
s
il
ic
on
 a
t 
*
30
0O
F 
fo
r 
dn
pr
ox
- 
irn
at
el
y 
1 
da
y 
(d
et
ai
ls
 p
ro
pr
ie
ta
ry
). 
-
-
-
-
 
-
-
-
-
-
 
-
-
-
-
-
 
-
-
.
-
-
-
-
-
-
-
.
 
(1
) 
C
om
rc
la
l 
80:
 
de
ns
e 
tl~
nq
st
cn
 wa
r 
pr
oc
ur
ed
 f
rc
m
 
Wa
h 
Ch
an
g 
an
d 
m
ac
hi
ne
d 
to
 s
am
ple
 s
ha
pe
. 
'
 
(2
) 
Sa
m
ple
 i
tm
ne
rs
ed
 i
n
 l
iq
ui
d 
L-
13
 f
or
 1
0 
m
in
bt
es
 
a
t 
18
00
 t
o 
19
00
F 
u
n
de
r 
in
er
t 
a
rg
on
 a
tm
or
ph
er
e.
 
(3
) 
Co
ol
ed
 t
o
 r
oo
m
 
te
m
pe
ra
tu
re
 u
n
de
r 
a
rg
on
 a
tm
os
ph
er
e.
 
,
.
 
-
-
 
-
-
-
-
-
-
 
-
-
-
 
-
-
-
-
-
-
-
-
-
.-
-
-
-
 
St
an
da
rd
 p
ro
du
ct
 w
hi
ch
 i
s 
a 
pr
es
se
d 
an
d 
s
fn
te
re
d 
co
m
- 
po
si
te
 o
f 
gr
ap
hi
te
, 
z
irc
on
iu
m
, 
bo
ro
n 
3n
d 
s
ll
ic
on
. 
---..-- 
-
-
-
 
E
nt
ir
e 
pr
oc
er
sf
ng
 p
ro
ce
du
re
 n
ro
pr
ie
ta
ry
 t
o 
Ca
rb
or
un
du
m
. 
E
nt
ir
e 
pr
oc
es
si
ng
 p
ro
ce
du
re
 p
ro
pr
ie
ta
ry
 t
o 
Ca
rb
or
un
du
m
. 
-
-
 
-
 -
 
(1
) 
Co
ns
ti?
ue
nt
s 
m
ix
ed
 i
n
 th
e 
fo
llo
w
in
g 
pr
op
or
tio
ns
: 
37
: 
w
/o
 Z
rB
2 
(-3
25
 m
es
h),
 8
.4
. 
w
/o
 s
il
ic
on
 (-
32
5 
m
es
h),
 1
7.
3%
 w
lo
 H
i t
co
 t
FA
 G
ra
ph
1 t
e
 f
ib
er
s,
 3
72
 
.
 
SC
10
08
 P
he
no
lic
 r
e
s
in
 (1
00
7 
s
o
lid
s)
. 
M
ix
in
g 
a
cc
o
m
pl
is
he
d 
ln
 la
bo
ra
to
n 
m
ix
er
. 
,
 
(2
) 
M
at
er
ia
l 
w
as
 
st
ag
ed
 a
t 
18
0F
 f
or
 2
-1
1?
 h
ou
rs
. 
(3
) 
M
ol
di
ng
 t
oo
l 
w
as
 
lo
ad
ed
 a
t 
l8
0F
 a
nd
 5
00
 p
si
 a
nd
 
m
o
ld
in
g 
w
as
 
ac
cw
np
l ls
he
rl 
w
l t
h 
th
e 
fo
l l
ow
in
g 
cu
re
 
c
yc
le
: 
19
0F
,2
00
0p
si,
 
30
 m
in
. 
23
0F
.6
0~
3p
si
. 
30
 m
in
. 
20
0: 
,30
0O
ps
1 
.
 
30
 m
in
. 1 32
5F
 .i
O
lO
p%
l ,
 
3 
ho
ur
s 
:'o
ld
;n
q 
w
as
 
co
o
le
d 
to
 r
oo
m
 t
em
pe
ra
tu
re
 u
n
de
r 
6O
OO
ps
l 
Re
m
ar
ks
, 
-
 
-
-
 
.
 
.
 De
 t
ai
 1s
 
re
ta
in
ed
 b
y 
M
at
er
ia
ls
 E
ng
in
ee
rin
g 
Sp
ec
ifi
c 
gr
av
ity
 o
f 
m
o
ld
in
gs
 -
 
1.
98
 
Fi
ni
sh
ed
 m
a
ch
in
ed
 m
o
ld
in
q 
e
x-
 
hi
bl
te
d 
se
ve
ra
l 
ha
ir
 l
in
e 
cr
a
ck
s.
 
W
 
AP
PE
ND
IX
 (
Co
nt
in
ue
d 
P
ar
t N
rn
be
r 
SK
 4
04
06
3-
25
 
H
at
er
in
1 
lk
sc
ri
pl
i on
 
HR
X-
21
1 
Si
 1 i
 Ca
 
ph
en
ol
ic
 p
ro
-c
ha
r 
HR
X-
21
2 
Si
 li
ca
 
ph
en
ol
ic
 c
a
ho
nl
 ze
d 
m
-im
pr
eg
na
te
d 
an
d 
re
-c
a
rb
on
iz
ed
. 
No
rto
n 
Cr
ys
ta
r 
s
lli
co
n 
c
a
rb
id
t 
-
-
-
 
TW
-2
 M
at
er
la
l- 
M
ol
de
d 
ca
lp
os
ite
 o
f 
SC
10
08
 n
s
ln
 w
it
h 
27
1 
w
/o 
GF
A 
qr
rp
hi
te
 f
ib
er
 
an
d 
43
2 
w
/o 
s
i l
ic
a 
fib
er
: 
Zi
 rc
o
n
i un
 
0x
4 d
e 
tw
in
fo
rc
ed
 w
ith
 
tl-
 3R
e 
w
i r
e 
Fa
br
ic
at
im
 V
en
do
r 
I F
ab
ric
at
io
n 
Pr
oc
ed
ur
e 
1 Re
m
ar
ks
 
I 
I (3) 
La
m
in
at
e 
py
ro
ly
ze
d 
a
t 
ap
pr
ox
im
at
el
y 
83
0F
 a
nd
 
ca
rb
on
lz
rd
 a
t 
rp
pr
ox
im
a-
el
y 
leO
OF
 u
n
dc
r 
in
er
t 
at
m
os
ph
er
e.
 
Ha
ve
q 
Sr
nt
a 
Fe
 S
pr
in
qs
. 
C
al
ifo
rn
ia
 
(1)
 
S
il
 i c
a 
fr
br
l c
 i
m
pr
eg
na
te
d 
w
ith
 E
C-
20
1 
ph
en
ol
ic
 
tw
si
n.
 
(2
) 
Fr
br
lc
 l
rm
ln
at
ed
 a
t 
a
pp
ro
xi
m
at
el
y 
10
00
 p
s!
 a
nd
 
31
0F
. 
Ha
ve
g 
Sa
nt
r 
Fe
 S
pr
ln
gs
. 
C
al
ifo
rn
ia
 
Sa
m
 8
s 
-
25
 m
a
te
ria
l 
e
xc
e
pt
 t
ha
t 
ca
rb
on
lre
d 
la
m
in
at
e 
is
 
va
cu
um
 r
a
-im
pr
eg
na
te
d 
w
ith
 E
C 
20
1 
re
s
in
 a
nd
 r
e
-~
v
ro
lv
ze
d 
an
d 
rt
-c
ar
bo
ni
ze
d 
as
 
ab
ov
e.
 
I 
No
rto
n 
W
or
ch
es
te
r. 
Fa
br
ic
at
ed
 b
y 
No
rto
n 
u
si
ng
 p
ro
ce
ss
in
g 
pr
oc
ed
ur
es
 n
-
 
ta
in
ed
 b
y 
th
em
. 
TRW
 
M
at
er
ia
ls
 
O
ep
rrt
m
tn
t 
I coole
d.
 
m
as
s.
 
' 
1 
TW
 
Cl
ev
el
an
d 
(1
) 
M
ol
df
ng
 c
cm
po
sl
tio
n 
w
as
: 
Ca
rb
on
 f
lb
er
-5
4 
gm
, 
s
il
ic
a 
fi
be
r,
 -
 
86
 g
m.
, 
SC
 1
00
8 
re
s
in
 -
 
96
.8
 g
m,
 
Is
op
ro
py
l 
a
lc
oh
ol
 -
 
19
 g
m.
 
.
 
(2
) 
8-
st
ag
ed
 a
t 
laO
F 
fo
r 
1 
ho
ur
 a
nd
 1
5 
m
ln
ut
es
. 
(3
) 
Tw
o 
sp
ec
im
en
s 
di
e 
m
ol
de
d 
as
 
fo
llo
w
s:
 
No
. 1
 
-
 
To
ol
 l
oa
de
d 
a
t 
IW
F,
 1
00
 p
si
 
He
at
ed
 t
o
 1
90
F,
 a
pp
ly
 1
00
0 
ps
i 
He
at
ed
 t
o
 2
10
F.
 a
pp
ly
 2
00
0 
ps
i 
He
at
ed
 t
o
 3
25
F 
m
a
ln
ta
in
ln
g 
20
00
 p
si
/2
 h
a
. 
Co
ol
ed
 u
nd
er
 p
re
ss
ur
e 
No
. 3
 
-
 
To
ol
 l
oa
de
d 
a
t 
18
0F
, 
10
0 
ps
l 
He
at
ed
 t
o 
19
0F
,a
pp
ly 
20
00
 p
sl
 
He
at
ed
 t
o
 Z
OO
F, 
a
pp
ly
 4
00
0 
ps
l 
He
at
ed
 t
o
 3
25
F.
 m
a
ln
ta
tn
ln
g 
40
00
 p
sl
/2
 h
n
. 
Co
ol
ed
 u
nd
er
 p
re
ss
ur
e 
Ty
pe
 P
 M
at
er
la
l 
-
 
(1
) R
ei
nf
or
ce
m
en
t 
o
f 
5%
 v/
o 
.
00
35
" 
x 
3/
16
: 
lo
ng
 W 
-
3R
e 
w
ire
s 
an
d 
m
a
tr
ix
 m
a
te
ria
l 
o
f 
Zl
rc
oa
 
F 
41
0 
z
lr
co
ni
a 
(st
ab
4 l
lz
ed
 b
y 
32
 M
g0
 a
nd
 0
.5
1 
Ca
O 
a
re
 
m
ixe
d 
an
d 
bl
en
de
d 
dr
y.
 
(2
) 
Ca
np
os
ite
 i
s 
c
o
ld
 c
oin
pa
ck
el(
 in
 an
 
is
os
ta
ti
c 
pr
es
s 
a
t 
30
,00
0 
ps
l. 
(3)
 
Co
m
po
sit
e 
is
 v
ac
uu
n 
s
ln
te
re
d 
a
t 
40
00
F 
an
d 
sl
ow
 
M
at
er
la
l 
an
d 
Pr
sc
es
s 
Da
ta
 
(,) 
Re
sin
 
co
nt
en
t 
-
 
30
2 
(2
) 
Sp
ec
ifi
c 
gr
av
lty
 -
 
1.
61
/1
.6
4 
AP
PE
ND
IX
 (C
on
tin
ue
d) 
,
 
Fa
br
ic
at
io
n 
Ve
nd
or
 
Un
io
n 
Ca
rb
id
e 
Re
se
ar
ch
 C
en
te
r. 
St
er
l in
g 
Fo
re
st
, 
M.
Y.
 
Fa
br
ic
at
io
n 
Pr
oc
ed
ur
e 
Ty
pe
 C
 M
at
er
ia
l 
-
 
(1
) R
ei
nf
or
ce
m
en
t 
of
 
7%
 v
/o
 W
-R
e 
w
in
 .W
2"
 
x
 1
/8
" 
lo
ng
 a
nd
 z
ir
co
nl
a 
po
wd
er
 (
st
ab
lli
re
d 
w
ith
 2
.8
5%
 M
gO
) a
re
 m
ix
ed
 a
nd
 b
le
nd
ed
 d
ry
. 
O
th
er
 p
m
- 
ce
ss
in
g 
st
ep
s 
ru
n
e
 a
s 
fo
r 
Ty
pe
 A
 m
a
te
ria
l. 
(1
) 
ZY
W-
30
 
z
lr
co
ni
a 
c
lo
th
 (
yt
trf
a 
s
ta
 b
i li
ze
d-
&t
.%
 
s
a
ti
n 
w
ea
ve
) 
an
d 
ce
m
en
t 
co
n
si
st
ln
g 
o
f 
10
0 
m
l. 
o
f 
ll
qu
id
 b
in
de
r 
to
 1
50
 g
 
o
f 
z
lr
co
ni
a 
po
wd
er
. 
No
te
: 
Li
qu
id
 b
fn
de
r 
co
n
ta
in
s 
35
.6
2 
w
/o 
z
lr
co
ni
a 
s
o
lid
s 
m
d
 y
tt
ri
un
 c
om
po
un
d 
w
hi
ch
 g
lv
es
 b
tr
ag
on
al
 z
ir
co
ni
a 
bo
nd
 o
n 
fl
 ri
ng
. 
(2
) 
Cl
ot
h 
is
 s
a
tu
ra
te
d 
w
ith
 c
m
n
t.
 e
xc
es
s 
ce
m
en
t 
re
m
ov
ed
 a
nd
 c
lo
th
 c
u
t 
to
 s
iz
e.
 
(3
) 
Cl
ot
h 
st
ac
ke
d 
10
0 
hi
gh
 a
nd
 p
la
ce
d 
in
 m
yl
ar
 l
in
ed
 
a
lu
ni
nu
n 
di
e.
 
(4
) 
La
m
in
at
es
 a
n
 pr
es
se
d 
a
t 
15
0 
ps
i w
lth
 t
m
pe
ra
tu
re
 '
 
be
in
g 
ra
ls
ed
 t
o
 2
50
F 
an
d 
he
ld
 a
t 
th
at
 t
em
pe
ra
tu
re
 
fo
r 
3 
ho
ur
s.
 
(5
) 
Th
e 
la
m
in
at
e 
Is
 m
v
e
d
 fr
om
 d
le
 a
nd
 c
ur
ed
 a
t 
60
0F
 
In
 a
ir
. 
(6)
 
Lm
in
at
e 
is
 h
ea
te
d 
to
 X
OO
F 
in
 a
 g
o
 fi
n
d
 B
ic
kl
ey
 
o
ve
r 
b 
pe
rio
d 
o
f 
6 
ho
ur
s 
an
d 
he
ld
 a
t 
te
m
pe
ra
tu
re
 
Pa
rt
 W
h
e
r 
SK
 1
04
06
2-
31
 
(co
nti
nu
ed
 
fr
m
 
Re
m
ar
ks
 
L
 
(I
) O
en
sl
ty
 o
f 
la
m
in
at
es
 2
80
 
lb
/f
ts
 
.
 
(2
) U
CC
 b
el
ie
ve
s 
th
at
 3
OO
OF
 
s
in
tc
ri
ng
 t
em
pe
ra
tu
re
 w
as
 
e
xc
e
ss
iv
e 
an
d 
fi
be
r 
re
ln
- 
fo
rc
em
cn
t 
w
as
 
lo
st
 a
cc
om
pa
n-
 
fe
d 
by
 d
eg
ra
da
ttn
n 
o
f 
th
em
a.
 
sh
oc
k 
re
sf
st
an
ce
. 
K
il
n 
M
at
er
ia
l 
D
es
cr
ip
tio
n 
M
at
er
la
l 
h 
Pr
oc
es
si
ng
 D
at
a 
(1
) R
es
in
 v
a
rn
is
h 
% 
s
o
lid
s 
-
 
60
5 
(2
) p, 
pr
eg
 t
es
ln 
co
nt
en
t- 
gr
ap
hi
te
 -
 
53
.7
5 
c-
10
0-
48
 -
 
31
.7
%
 
(3
) P
re
 
gr
ap
hi
te
 
pr
eg
 %
 
-
 
6.
4%
 
v
o
la
til
es
 -
 
C-
10
0-
48
 - 
4.
45
 
M
at
er
ia
ls
 a
nd
 P
ro
ce
ss
in
g 
Da
ta
 
(1
) R
es
ln
 v
a
rn
is
h 
-
 
Y 
s
o
lld
s 
-
 
60
s 
(2
) P
re
 p
re
g 
re
s
in
 c
o
n
te
nt
 -
 
gr
ap
hi
te
 -
 
53
.7
2 
c-
10
0-
48
 -
 
31
.7
%
 
(3
) P
re
 p
re
g 
2 
v
o
la
ti
 le
s 
-
 
gr
ap
hl
te
 -
 
6.
4%
 
C-
1C
O-
48
 -
 
4.
42
 
:K 
40
40
63
-3
3 
SK
 4
04
06
3-
34
 
pt
m
vi
or
n 
pa
ge
) 
SK
 4
04
06
3-
32
 
C-
10
0-
48
 s
il
ic
a 
30
 m
in
ut
er
. 
50
 p
si
 a
nd
 2
N
F 
fo
r 
30
 m
in
ut
es
. 
fl
br
lc
 
30
0 
ps
i 
m
d 
35
0F
 f
or
 1
20
 m
ln
ut
es
 c
o
o
le
d 
u
n
de
r 
pr
es
su
rn
. 
Zi
rc
on
lu
n 
o
xi
de
 
fa
br
ic
 w
ith
 
z
ir
co
ni
m
 o
xi
de
 
ce
m
en
t 
.
I 
' 
i '1
 
So
e:!
nrn
s 
m
ec
ht
ne
d 
u
sf
ng
 d
la
m
on
d 
gr
in
di
ng
 m
ed
ium
 
TR
W-
2 
(L
mi
na
te
d)
 '
 
SC
 1
00
8 
ph
en
ol
ic
 
re
s
in
 w
lth
 2
7%
 
w
/o
 G
I7
36
 
ra
ph
l te
 
c
lo
th
 a
nd
 8
32
 w
/o 
C-
10
0-
48
 R
ef
ra
si
) 
fa
br
ic
. 
TR
U-
3 
(La
mi
na
ted
) 
St
10
08
 p
he
no
lic
 
re
s
ln
 w
lth
 1
7%
 
w
/o 
61
73
6 
gr
ap
h4
 te
 
c
lo
th
 a
nd
 5
X
 w
/o 
(3
) 
La
m
in
at
e 
m
ol
de
d 
as
 
fo
llo
w
s:
 5
0 
ps
i 
an
d 
leO
F 
fo
r 
TRW
 C
ne
m
ist
ry
 
Ik
pa
rt
m
nt
 
TR
V 
Ch
em
ist
ry
 
De
pa
rtm
an
t 
-
-
 
-
 
(1)
 
Fa
br
ic
s 
tm
pr
eg
na
te
d 
w
ith
 r
e
s
in
 a
nd
 s
ta
ge
d 
a
t 
20
0F
 
fo
r 
60
 m
in
ut
es
. 
(2)
 
Fa
br
lc
s 
c
u
t 
an
d 
st
ac
ke
d 
to
 f
o
n
 ?
am
in
at
e 
(60
 p
lie
s 
o
f 
gr
ap
hi
 te
 a
nd
 6
0 
pl
 t c
 
o
f 
s
i 1
 i c
a
) .
 
(3
) 
La
m
in
at
e 
m
ol
de
d 
as
 
fo
llo
w
s:
 
50
 p
si
 a
nd
 2
00
F 
fo
r 
30
 m
in
ut
es
. 
30
0 
ps
i 
an
d 
35
0F
 f
or
 1
20
 m
ln
ut
es
, 
co
ol
 
un
de
r 
o
n
s
s
u
re
. 
(1
) 
Fa
br
lc
 i
m
pr
eg
na
tio
n 
sa
m
e 
as
 
-
33
. 
(2
) 
Fa
br
ic
s 
c
u
t 
an
d 
st
ac
ke
d 
to
 f
or
m
 l
am
ln
at
e 
(40
 p
lie
s 
gr
ap
hi
te
 c
lo
th
 m
d
 80
 p
lie
s 
s
il
ic
a 
c
lo
th
). 
AP
PE
ND
IX
 (
Co
nti
nu
ed
) 
-
.
 P
ar
t 
n
m
be
r 
1 M
at
er
la
l 
D
es
cr
ip
tio
n 
TR
U-
5 
(La
mi
na
ted
) 
SC
lM
)8 
ph
en
ol
 l
 c 
re
s
ln
. 
15
2 
w
/o
 
f 1
7X
 g
ra
ph
i tr
 
c
lo
th
. 
46
1 
w
/o
 
c-
10
0-
48
 
re
fr
as
ll
 
*
 
c
lo
th
. 
92
 W
/O
 
s
il
- 
ic
on
 c
a
rb
id
e 
pc
vd
er
 
TR
Y 
2A
 (
La
mi
na
ted
) 
SC
10
08
 p
he
no
lic
 
m
s
ln
 w
lt
h 
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